We have investigated diffusion and deposition process of flowing Ni ions in our original micro-plating method, in which an electroless plating solution of Ni is continuously flowed into negative-type micromolds. The negative-type molds, which are made of photocurable resin, have hollow template structures. Experiments of Ni plating were carried out using one microchip containing micromolds of varied diameters. Dependences of Ni-plate thickness on micromold size were evaluated using optical micrographs, indicating that the plating efficiency was increased as the decrease in the diameter. The change of plating behavior was analyzed using a numerical simulation considering diffusion theory and Hagen-Poiseuille low. The time evolution of Ni-plate thickness was calculated from the distribution of the Ni ion concentration in the mesh neighboring the wall surface of micromolds. This simulation successfully reproduced the tendency of experimental results. It was found that the plating efficiency was strongly dependent on the flow velocity in the region near the wall surface of micromolds.
Introduction
Metallic micromachines or microparts attract much interest because of a variety of properties and functions, such as high conductivity, ferromagnetism and the shape memory effect. In order to fabricate them efficiently, we have proposed a micro-plating method using micromolds produced by the stereolithography using photocurable resin [1] . This is because the conventional photolithography processes is difficult to be applied to fabrication of complicated 3-dimensional shaped metallic microperts unlike the case of fabrication of semiconductors. In our previous paper, we developed a micro-flowing method inside the negative type molds and successfully produced micro-sized columnar structures stuffed with Ni metal [2] . The negative-type mold is a mold in a real sense that can precisely transfer the shape and the size to final products. In other words, the negative-type molds are exterior frames, which should be filled with the metal plate. By removing the negative molds, designed microstructures composed of only metallic phase can be obtained. Meanwhile, positive-type molds are also applicable to the production of complicated 3D structures, such as micro fasteners or micromachines [3, 4] . In this method, final products were obtained as 3D structured resin frameworks coated with a metal plate layer. Therefore, it is difficult not only to produce pure metal microperts but also to reproduce the size of the designed structures, resulting in a low fabrication resolution. That is why the negative-type mold method is superior to Figure 1 Schematic diagram of micro-plating method, in which a plating solution of Ni was continuously flowed into negative-type micromolds. Figure 2 Optical microscope image of a typical microchip, in which negative-type micromolds of varied sizes were integrated. Scale bar denotes 500 μm (inset: 100 μm).
the positive-type one [5] [6] [7] . In our negative-micromold method, a fresh Ni plating solution continuously flows inside the micromolds that have entry and exit holes. As increasing the plating time, the thickness of Ni plate increases, and finally stuffed. The process of flowing, diffusion, and precipitation of Ni plate is unclear at present. In this paper, numerical analysis of these processes was carried out by simulating the change in concentrations of Ni ion. Figure 1 shows a schematic diagram of our typical micro-plating system. The micromolds are embedded in photo-cured resin chips, at the centers of which there are through holes. By flowing Ni plating solution with volumes in micro liter order into the through holes, electroless plating of Ni was formed on the interior wall surface of micromolds. For the purpose of simultaneous investigation of deposition process of Ni plate depending on the diameters of holes, micromolds with a series of hole sizes (50, 100, 150, and 200 μm) were integrated in one microchip, as shown in Fig. 2 . The pass length of through holes is 200 μm. The microchips with negative-type micromolds were fabricated using photo-curable resin. A restrained resin surface method was performed to realize higher positioning accuracy for curing of the resin. It is a kind of the sheet lamination method based on one-photon absorption [8] . Since the photo-curing process occurs at the restrained space on the back surface of glass substrate, the curing surface is not influenced on airflow.
Experimental procedure
Prior to the plating process, the micromold chip was degreased with acetone and ethanol. Then, the micromold surface was treated with fumed silica (Nippon Aerosil co., ltd.) dissolved in 4-methyl-2-pentanone. After that, the micromold was maintained for 24 hours in a catalytic solution composed of 0.2 g/L PdCl 2 , 3 g/L SnCl 2 , and 150 mL/L HCl (35 %). After this step, electroless plating solution of Ni was directly flowed inside the through holes of the micromold chip using a microsyringe precisely controlled by micropump at a flow rate of 530 μm/s. The plating solution was composed of 21 g/L NiSO 4 ·6H 2 O, 22 g/L H 2 NCH 2 COOH, 20 g/L NaH 2 PO 2 ·H 2 O, and 0.04 g/L PbCl 2 . The pH of the solution was adjusted to 8.5 by NaOH. To maintain the temperature of the plating solution at 65-70 °C, the injection needle was directly heated by a hot-water bath. Since the plating solution was continuously flowed through the micromolds, the H 2 gas bubbles generated at the plated surface were efficiently removed.
Theoretical simulation of diffusion and plating process was carried out. Figure 3 shows schematic illustration of this simulation. The x and y axes represent radial direction of cross-sectional circles and the flowing direction of plating solution, respectively. We divide the internal space of negative micromolds into circular-sector-formed mesh with the center angle of 1 degree in the cross section. The partition length was 1 μm for both axes. Since the flow velocity is much higher than the diffusion rate of Ni ions, the diffusion in the flowing direction (y axis) was negligible. Hence, the calculation can be separate into the following three steps. In the initial state, the concentration of all the mesh was constant (=0.08mol/dm 3 ). At the first step, a precipitation of Ni plate occurs on the wall surface of the micromold. The Ni ions are supplied only from the outermost meshes, resulting
The calculation was carried out from an outer mesh to a central mesh in sequence. Distribution of Ni concentration was determined as a result of diffusion. In the last step, Ni ions were transferred forward due to the flow of solution. We have assumed that the flow velocity of plating solution follows Hagen-Poiseuille flow. Therefore, moving distance of Ni ions in a mesh depends on the position of the mesh in the radial direction. As a result, the concentration of a mesh replaces that of another mesh located at a distance corresponding to flow mobility, u, which is expressed as follows. where U is flow velocity of the central part of micromolds, R is internal radius of through holes, and j is mesh size in the y axis (=1 μm). In the initial stage, concentration of all the mesh was constant (=0.08mol/dm 3 ). By repeating this cycle, we have calculated the variation of concentration distribution of Ni ions as time progresses.
in the decrease in concentration of Ni ions. The consuming rate was denoted as α. At the second step, Ni ions diffuse along the x direction due to the difference in concentration between neighboring meshes. The quantity of Ni ions that move to the outer mesh, d, was calculated using Fick's low, as
where D is diffusion coefficient, c is concentration Ni ions, i is mesh size in the radial axis (=1 μm), θ is center angle of sector-formed mesh (=1 deg.), and t is unit time for one sequential step (=5 msec.). 
Results and Discussion

Dependences of plating efficiency on diameters of micromolds
The plating efficiency has been investigated for a variety of diameter size of columnar micromolds. Figure  4 shows optical microscope images of the micromolds. Compared to the micromold before plating (Fig. 4 (a) ), the diameters of those after plating for 1 h (Fig. 4 (b) ), 3 h (Fig. 4 (c) ), and 6 h (Fig. 4 (d) ) becomes gradually smaller, indicating that a Ni-plate layer is uniformly precipitated on the interior wall surface of the micromolds. From these images, the size change of diameter was estimated and plotted in Fig. 5 . The dependence of the Ni-plate thickness on the plating time exhibits nearly linear correlation in both flow sides. By using least square approximation, plating efficiencies in the inflow side are evaluated to be 2.63, 1.66, 1.58, and 0.720 μm/h for the hole diameters of 50, 100, 150 and 200 μm, respectively. The plating efficiency tends to decrease as the hole size of micromold becomes larger. It is also found that the plating efficiency in the outflow side is higher than that in the inflow side.
3.2. Simulation of concentration distribution considering diffusion theory and flowing process Figure 6 plots the calculated values of Ni-plate thickness as a function of flow time. These profiles are obtained under condition that the diffusion coefficient and consuming rate of Ni ions in the outermost mesh are 0.01 μm 2 /s and 0.025 %, respectively. As the hole size increases, the plating efficiency gets lower in the inflow side. Meanwhile, the outflow side shows the same tendency although the efficiency is slightly smaller than that in the inflow. In the experimental results, Ni-plate thickness in the outflow is much larger than that in the inflow, which is presumably attributable to stagnation of plating solution, in which the flow rate drastically is decreased. The calculated efficiencies in the inflow side are 2.79, 2.10, 1.98, and 1.85 μm/h for the hole diameters of 50, 100, 150 and 200 μm, respectively. The results quantitatively reproduce the experimental tendency, which is explainable in terms of the relationship between the supply and consume ratio of Ni ions in the near part of wall surface. Figure 7 shows the distribution of Ni ion concentration calculated for each hole-diameter in a local range close to the wall surface (less than 12 μm). In the case of smaller diameter, the decrease in the Ni ion concentration due to precipitation of Ni plate in the outermost mesh seems to be relatively suppressed compared to the larger holes. It is presumed that this suppression is ascribed to the difference in flow velocity. Since the average flow velocity and consuming ratio of Ni ions are constant in our assumption, the local flow velocity near the wall surface in a smaller micromold becomes higher than that in a larger one by Hagen-Poiseuille law. As the flow velocity of Ni ions increases, the concentration in the meshes adjacent to the wall surface is kept to be higher. That is why the plating efficiency for the micro-holes with a diameter of 50 μm is the highest. We have also theoretically predicted plating time required to stuff the micromolds with a variety of sizes by Ni plate. This calculation clearly indicates that the plating ratio is accelerated as the diameter decreases even in one micromold. 
Conclusions
A microchip, in which negative-type micromolds of varied sizes were integrated, was adopted to investigate detailed electroless-plating process of Ni in the flowing micro-plating method. As the size of the micromold decreased, the plating efficiency increased. By considering diffusion theory and flowing process based on Hagen-Poiseuille law, time evolution of the distribution of Ni ion concentration was calculated. It has been assumed that the plate thickness was determined by the concentration of outermost mesh. The simulation of Ni-plate thickness precipitated for each sized micromold qualitatively reproduced the experimental results. In smaller-diameter micromolds, the flow velocity of Ni-ion plating solution in the mesh near the wall surface tends to become higher due to Hagen-Poiseuille flow, resulting in rapid growth of Ni plate compared with the larger micromolds. Hence, the simulation of plating process in flowing plating solution agrees with the experimental results, which contributes to a singnificant progress of the novel micro-plating method for realization of 3D complicated microstructures in the near future.
